We studied aspects of the structure and expression of the genome of Bari 1, a mild strain of cauliflower mosaic virus. Differences were observed between gene products of Bari 1 detected in inclusion body preparations and those of the more typically severe strain, Cabb B-JI. The most striking difference was the gel mobility of the Bari 1 gene VI polypeptide (apparent Mr 70K) which contrasted with that of Cabb B-JI (Mr 62K). This difference was also observed between products of in vitro translation of viral mRNA suggesting that it was not due to post-translational modification. The open reading frame in the nucleotide sequence of the Bari 1 gene VI region was very similar in size to that of other CaMV strains but corresponded to an amino acid sequence with a much lower overall homology and diverged greatly in a 40 base pair sequence in the 3' region compared to gene VI sequences of other strains. The level of the Bari 1 aphid transmission polypeptide P18, the product of gene II, was much lower than that of Cabb B-JI. Some of the possible subcellular consequences resulting from the molecular properties of Bari 1 were examined by electron microscopy. Differences were observed in the composition and intactness of Bari 1 cytoplasmic inclusion bodies compared with those of a severe strain, and the presence of nuclear inclusions.
INTRODUCTION
We are studying cauliflower mosaic virus (CaMV) as a model system for understanding the molecular basis of virus-induced symptom expression and pathogenesis in plants. The dsDNA genome of CaMV is particularly amenable to such studies because it can be readily manipulated in vitro, and a variety of naturally occurring genome variants are available (Howell, 1985; Covey, 1985) . To this end, we have characterized aspects of genome structure and expression of a mild CaMV strain, Bari 1. Bari 1-infected plants do not show the early vein clearing, leaf chlorosis and stunting typical of severe CaMV strains but are slower to develop vein clearing symptoms and this is followed by the appearance of dark green islands on the leaves (R. Stratford & S. N. Covey, unpublished data) . Bari 1 has been described as the least typical of the CaMV strains since its genome has few restriction enzyme sites in common with other CaMV genomes (Delseny & Hull, 1983) . The expression and activity of the gene products specified by this variant genome define the pathogenetic character of the symptoms produced.
Most CaMV-coded polypeptides isolated from infected plants are found in preparations of inclusion bodies. One such protein is the major matrix protein, the product of gene VI (Covey & Hull, 1981; Xiong et al., 1982a) which may be involved in determining CaMV host range (Schoelz et al., 1986; Schoelz & Shepherd, 1988) . The CaMV gene VI sequence produces viruslike symptoms if expressed in transgenic tobacco plants (Baughman et al., 1988) . Apparent sizes from Mr 62K to 66K have been reported for this polypeptide when isolated from host plants (A 1 Ani et al., 1980; Odell & Howell, 1980; Covey & Hull, 1981) and this size variation has been attributed to strain differences or to size estimation variations. However, when the gene VI polypeptides from any two or more CaMV strains have been compared under similar conditions of gel electrophoresis, no significant size differences have been observed (Shockey et al., 1980; Xiong et al., 1982b; Woolston et al., 1983) . The inclusion bodies of most CaMV strains contain PI8, the polypeptide product of gene II which is required for acquisition of CaMV by aphids (Woolston et al., 1983 (Woolston et al., , 1987 Armour et al., 1983) and the virion structural polypeptide products ofgene IV (A1 Ani et al., 1979; Shockey et al., 1980; Daubert et al., 1982) and gene III (Xiong et aL, 1984; Giband et al., 1986) . In this paper, we report the characterization of the gene products of mild strain Bari 1 and their subcellular effects, and compare Bari 1 with a severe strain as a basis for studying the genetic determinants involved in symptom production.
METHODS
Virus propagation. CaMV strains Cabb B-JI and Bari 1 (Hull, 1980) were propagated in turnip plants (Brassica campestris-rapa L. cv. Just Right) by sap inoculation of seedlings at the two leaf stage (10 to 14 days old). Plants were maintained under glasshouse conditions of 18 to 22 °C with a 16 h photoperiod. Leaves showing systemic symptoms of CaMV infection were harvested 20 to 40 days post-inoculation (p.i.). Aphid transmission tests of Bari 1 were carried out with multiple aphids according to Woolston et al. (1983) .
Subcellular fractionation and protein analysis. A subcellular fraction containing CaMV inclusion bodies was prepared from infected plants as described by Woolston et al. (1983) . Protein samples were separated by SDS-PAGE in linear gradients of acrylamide (7.5% to 20%) and bisacrylamide (0.15~ to 0.75%) in slab gels as described by Covey & Hull (1981) . Polypeptides were detected either by staining with 0.25 % Coomassie Brilliant Blue R250 or by electroblotting onto nitrocellulose (Towbin et al., 1979) followed by immunological detection as described by Blake et al. (1984) except that the washing and probing steps were in 140 mM-NaC1, 10 mM-Tris-HCl pH 7-4, the nitrocellulose was incubated with 2 ~ dried milk powder (Cadbury's "Marvel') to block non-specific binding, and 3~ bovine serum albumin was present during incubation with antibody. Antisera raised against a CaMV gene VI-fl-galactosidase fusion protein (Harker et al., 1987) and against purified CaMV virions were kindly provided by Drs C. Harker and A. Maule, and antiserum raised against the gene II product (P 18) purified from gels was a gift of Dr C. Woolston. Antiserum dilutions used were 1 : 500 for the anti-gene VI protein and 1:250 for the anti-virion and anti-gene II proteins.
RNA analysis. Total cellular RNA was isolated from turnip leaves and used to programme in vitro translation in 20 ~tl samples of messenger-dependent rabbit reticulocyte lysate as described by Covey & Hull (1981) . Immunoprecipitation of translation products was performed according to Dougherty & Hiebert (1980a, b) . Polypeptides labelled with [3sS]methionine were separated by SDS-PAGE and detected by fluorography.
DNA sequencing. An infectious clone of Bari 1 (pBB1.1) was obtained by insertion into pUC9 at a unique SalI site. The BgllI-c fragment of pBBI. 1 containing part of the gene VI region (Delseny & Hull, 1983) was then subcloned into Bluescript vectors M13+ and M13-(Stratagene) and overlapping clones were produced by exonuclease III digestion (Henikoff, 1984) . Clones covering the remainder of gene VI and flanking regions were obtained by further restriction mapping and subcloning of the EcoRI-b and BgllI-b fragments into M13 mpl 8 and mpl9 vectors.
Sequencing reactions were carried out using the chain termination procedure of Sanger et al. (1977) and all of the sequence was determined from at least two independent clones and by sequencing in both directions. Ambiguities in sequencing gels were resolved by the use of deoxy-7-diazaguanosine triphosphate (Boehringer-Mannheim) in place of dGTP as described by Mizusawa et al. (1986) or by addition of terminal transferase (Bethesda Research Laboratories-Gibco) to the chase reaction (DeBorde et al., 1986) . Sequence information was stored in a database system as described by Staden (1980) and analysed using the computing methods of Staden (1982) and Devereux et al. (1984) . Amino acid homologies were displayed graphically using the AHOMOL program described by Hull et al. (1986) . The CaMV Cabb B-JI nucleotide sequence was kindly made available for comparison by Dr J. Stanley.
Electron microscopy. Turnip leaf pieces systemically infected with CaMV isolates were fixed overnight at room temperature in 2% glutaraldehyde, 0.05 M-sodium cacodylate pH 7.0, and then washed and post-fixed in 1% osmic acid for 90 min in the same buffer. The leaf pieces were then stained with aqueous uranyl acetate, dehydrated with ethanol and embedded in LR White resin (London Resin, Basingstoke, U.K.) Thin sections were cut on a Reichart ultramicrotome, post-stained with lead acetate (Millonig, 1961) and examined in a Siemens Elmskop 1A electron microscope.
RESULTS

Inclusion body polypeptides
Polypeptides associated with inclusion body preparations from leaves infected with CaMV strains Cabb B-JI and Bari 1 were compared by SDS-PAGE (Fig. 1) . The major inclusion body polypeptide of Cabb B-JI-infected plants ( Fig. 1 a, lane 2) that was not present in mock preparations from healthy plants ( Fig. 1 a, lane 1) was P62. This polypeptide has previously been shown to be the product of CaMV gene VI (Covey & Hull, 1981 ; Xiong et aL, 1982b) . However, P62 was not observed in Bari 1 inclusion bodies and instead a larger polypeptide with an apparent Mr of 70K (P70) was found ( Fig. 1 a, lane 3) . To determine the identity of Bari 1 P70, inclusion body proteins were Western-blotted onto nitrocellulose after gel electrophoresis and probed with an antiserum specific for the CaMV gene VI polypeptide. Both the Cabb B-JI P62 and Bari 1 P70 polypeptides reacted with the antiserum, confirming their identity as gene VI products ( Fig. 1 b, lanes 2 and 3). At an increased protein loading level, Western blots probed for the gene VI product showed, in addition to P62 and P70, smaller polypeptides ( Fig. 1 c, lanes 2 and 3), probably degradation products, which also differed between the two strains. In a similar experiment, a Western blot of proteins was probed for the coat polypeptide products of gene IV. The gene IV products of Cabb B-JI comprised several polypeptides ( Fig.  1 d, lane 2) including P43, the probable authentic mature coat polypeptide, together with its precursor P58 (Hahn & Shepherd, 1982) . A number of both larger and smaller gene IV-specific products observed were probably a combination of aggregated and degraded polypeptides (A1 Ani et al., 1979) . Multiple gene IV-specific bands were also observed in Bari 1 inclusion bodies (Fig 1 d, lane 3 ) although these were different from those of Cabb B-JI with the mature coat polypeptide being slightly smaller in Bari 1. Furthermore, the ratio of the putative coat protein precursor, P58, and a larger form, P62, differed between the two strains ( Fig. 1 d, compare lathes 2 and 3).
The aphid transmission polypeptide, P 18, of Cabb B-JI was detected by Coomassie Brilliant Blue staining of inclusion body polypeptides but was apparently absent from Bari 1 (Fig. 1 a,  lanes 2 and 3) . However, the aphid Myzus persicae transmitted this strain to16 out of 16 plants with approximately 20 aphids feeding per plant and Western blotting showed that the gene II product was present in Bari 1 inclusion bodies but at a level approximately one-tenth that of Cabb B-JI P18 (Fig. 1 e, lanes 2 and 3) . We observed no major differences in the pattern of gene I-specific polypeptides P45 and P38 (Harker et al., 1987) between the two strains (data not shown).
RNA analysis
Possible explanations for the apparent difference in size between the gene VI polypeptides found in inclusion body preparations from plants infected with Cabb B-JI and with Bari 1 (see 1 ) are real differences in Mr and aberrant mobility in polyacrylamide gels due to modifications such as glycosylation or to amino acid sequence differences. Northern blot analysis showed that the 19S m R N A s for the gene VI products from each strain were of very similar size (data not shown) so we compared the properties of the polypeptides synthesized byin vitro translation of the respective m R N A s in a messenger-dependent rabbit reticulocyte lysate.
[35S]Methionine-labelled translation products synthesized from total cell R N A isolated from plants infected either with Cabb B-JI or with Bari 1 are shown in Fig. 2 . A major polypeptide present in the translation products of R N A from Cabb B-JI-infected plants was P62 (Fig. 2, lane 2) which was absent from products of R N A from healthy plants harvested at the same time (Fig.  2, lane 1) . Bari I was again different in that a major polypeptide of Mr 70K was observed (Fig. 2,  lane 4) and not found in the R N A products of healthy or Cabb B-JI-infected plants. Additional minor differences in translation products were the presence of a 75K polypeptide, possibly the virus-coded reverse transcriptase (Plant et al., 1985) , in the products of the Cabb B-JI-directed system but not in those directed by the R N A of the healthy plants or Bari 1 RNA, and a prominent 31K polypeptide in the Bari 1 products.
The identity of P62 and P70 translation products of Cabb B-JI and Bari 1 respectively as gene VI polypeptides was confirmed by immunoprecipitation (Fig. 2, lanes 5 and 6 respectively) .
Nucleotide sequence of Bari 1 gene VI
To determine whether the Bari 1 P70 was translated from a larger protein-coding open reading frame (ORF) than P62 we sequenced the Bari 1 gene VI and its flanking upstream and downstream regions (Fig. 3) . This demonstrated that the length of the Bari 1 gene VI putative polypeptide product (522 amino acids) was very similar to those of gene VI products of other sequenced CaMV strains (520 to 524 amino acids) and so this feature could not account for the unusual gel mobility of the Bari 1 polypeptide.
5649
GAATTCAATCGGGTTAATTCTTGATTGAAATCCAAAGAGA TAAGATTCCCACACACTTGTGGCTGAAATCAAAAGGCTAC
5729
TGCCTATATAAACACTATGCCAGACGTCTGAGAAAATCAG ATCTCCGAAAATGGAGGACATAGAAAAACTCTTACTCCAA A direct comparison of gene VI amino acid homologies revealed that Bari 1 was only 80 to 85 % homologous with gene VI products of five other CaMV strains which between themselves exhibit a closer relationship, of about 95 % homology (see Covey, 1985) . However, the gene VI amino acid sequence of a Chinese CaMV strain, Xinjiang (X J) (Fang et al., 1985) , was also only 80 to 85 % homologous to the other strains including Bari 1. The Bari 1 gene VI amino acid sequence was no more or less homologous to the equivalent regions of the caulimoviruses carnation etched ring (Hull et al., 1986) and figwort mosaic viruses (Richins et al., 1987) than to those of any other CaMV strain. We also compared the gene VI amino acid sequence of various CaMV strains in a pairwise manner along the length of the coding region assuming each was initiated at the first in-frame ATG codon. Two strains (Cabb B-JI and CM1841) were found to be very similar in amino acid sequence throughout the entire length of the ORF (Fig. 4b) . However, on comparison of a larger number of strains, we observed two regions within gene VI that were particularly variable. One was between amino acid residues 70 and 140, seen in the comparison of CaMV strains CM1841 and Cabb B-S (Strasbourg) (Fig. 4c) , and another was observed between amino acid residues 490 and 510 (Fig. 4d) , particularly noticeable in comparisons of Bari 1 with all other strains. Within this latter region, 40 bp of nucleotide sequence has very little homology with either Cabb B-JI or Cabb B-S (or any other strain) and this is reflected in the amino acid sequence (Fig. 4e) . A similar region of variation, but different from Bari 1, is present in the XJ strain of CaMV (not shown).
Subcellular effects of Bari 1
To determine whether the differences between Bari 1 and Cabb B-JI gene products reported above were reflected in the appearance of subcellular structures, we analysed thin sections of leaves infected with the two CaMV strains by electron microscopy. Cells infected with Cabb B-JI showed the presence of characteristic inclusion bodies containing virions but had few virions free in the cytoplasm (Fig. 5 a) . However, Bari 1 inclusion bodies were often found to be smaller than those of Cabb B-JI and less compact, with free virus particles present in the cytoplasm (Fig.  5 b) . Moreover, unusual, less electron-dense cytoplasmic inclusions apparently containing a few evenly dispersed virions were observed in Bari 1-infected cells (Fig. 5 b) but not in those infected with Cabb B-JI. Small aggregates of material, apparently containing many ribosomes, were also seen, often adjacent to inclusion bodies, in the cytoplasm of both Cabb B-JI-and Bari 1-infected cells (Fig. 5, labelled x) . Nuclei of Bari 1-infected cells, but not those of Cabb B-JI-infected or uninfected ceils, showed the presence of oval or doughnut-shaped vacuolated inclusions (Fig. 5 c  and 5d , labelled n) that were unlike the inclusion bodies of the cytoplasm and apparently did not contain virions. These nuclear inclusions were present in many nuclei of Bari 1-infected leaf cells (Fig. 5 d) . The Bari 1 infections were not obtained using cloned DNA and we cannot discount the possibility that the nuclear inclusions were due to a second, undetected virus although we have no reason to suspect this.
DISCUSSION
We have compared molecular and subcellular features of a mild CaMV strain, Bari l, with our type strain Cabb B-JI and noted a number of interesting differences. The use of antibodies allowed us to compare specific gene products in inclusion body preparations by Western blotting. Of particular note was the much reduced level of the aphid transmission protein (PI 8) observed in Bari I inclusion body preparations compared with those of Cabb B-JI. This did not appear to produce a detectable effect on aphid transmission of the virus when several aphids were used per plant. However, the efficiency of transmission of Bari I appears to be much reduced when single aphids are used to probe infected plants (A. Espinoza, personal communcation). The lower level of Bari l PI8 might also have affected the structure and integrity of the inclusion bodies, a feature that has been suggested to be related to the presence of PI8 in other CaMV strains (Givord eta[., 1984) .
The most striking feature of the Bari I polypeptides was the mobility of the gene VI inclusion body protein in polyacrylamide; the apparent Mr of that from Bad l was 70K compared with 62K for Cabb B-JI. We concluded that post-transcriptional modification (for example glycosylation) was an unlikely explanation for this since the size difference was maintained following in vitro translation of the viral mRNAs coding for the gene VI polypeptides (Fig. 2) . Moreover, Northern blotting showed that the gene VI mRNAs of the strains were of similar size (data not shown). Two other CaMV gene products have exhibited apparent sizes at variance with predictions made from the ORF length. Harker et al. (1987) detected a CaMV gene Ispecific polypeptide with an apparent Mr of 45K which is about 7K larger than predicted from the ORF. Moreover, Gordon et al. (1988) found that coat polypeptide synthesized in vitro from gene IV migrated as an 80K Mr species rather than 57K as predicted from the DNA sequence.
To understand further the unusual behaviour of the Bari 1 gene VI polypeptide, we determined the nucleotide sequence of its coding region and compared it with the gene VI DNA sequences of Cabb B-JI and other CaMV strains. This showed that the Bari 1 gene VI putative product is not significantly different in size from that of other CaMV strains. Thus, we conclude that its aberrant mobility in polyacrylamide is most probably due to an unusual amino acid sequence. We undertook computer-aided comparisons of the gene VI predicted amino acid sequences of the seven CaMV strains for which nucleotide sequence data are available, and considered them pairwise. We found that the Bari 1 gene VI sequence exhibited a significantly lower overall direct homology than any of the other strains except strain XJ. Moreover, XJ showed no greater homology to Bari 1 than it did to the other strains. Two gene VI regions, amino acids 70 to 140 and 490 to 510, were particularly variable amongst the various CaMV strains. The latter variable region of Bari 1 contained a 40 bp sequence that was not present in any other strain. We performed Chou-Fassman secondary structure analyses (Devereux et al., 1984) and observed that major differences in the Bari 1 gene VI predicted secondary structure occurred in both of the variable regions (data not shown); this might account for some of the unusual properties of this polypeptide.
We do not yet know how the differences between these two CaMV strains at the molecular level relate to the particular symptoms of the whole plant although the subcellular effects were found to differ (Fig. 5) . In addition to the apparent lack of integrity of the Bari 1 inclusion bodies noted above and also alluded to by Shepherd (1981) , we also observed less electron-dense cytoplasmic inclusions similar to those found in plants infected with the Cabb D/Hungary CaMV isolate (Xiong et al., 1982b ) and nuclear inclusions not previously reported in caulimovirus infections. We were also intrigued by the aggregates of material around the electron-dense inclusion bodies of both isolates (Fig. 5, marked x) . They appeared to comprise mostly ribosomes although we could not positively identify them as such. Similar aggregates have been reported in turnip leaves infected with other CaMV isolates (Xiong et al., 1982b; Givord et al., 1984) . We suspect that these structures are not ribosomes but instead constitute replication complexes (Pfeiffer & Hohn, 1983) since the latter co-purify with polyribosomes (Thomas et al., 1985) .
This characterization of Bari 1 should provide a sound basis for understanding how the virus genetic determinants of symptom expression function. We are currently investigating this by constructing a series of hybrid CaMV genomes from various parts of the DNAs of Bari 1 and Cabb B-JI. This strategy should also enable us to map domains of the Bari 1 gene VI protein responsible for its unusual properties.
